ABSTRACT: Following cessation of sewage sludge disposal at a site ca 2 km from Garroch Head, Isle of Bute, Firth of Clyde (Scotland), a study of the recovery of the benthic environment was undertaken. In order to permit comparisons a reappraisal of data obtained in 1971, whilst the site was still actively in use, was undertaken. Based on the parameters used, the benthic community showed a marked recovery from its status in 1971 and now approaches what should be considered as normal for this slightly enriched area.
INTRODUCTION
Before using the sea for waste disposal its potential for recovery, particularly that of the benthic fauna, must be considered. Information on the recovery phase following sewage sludge disposal is limited to field investigations at a site off Philidelphia, USA (Devine & Simpson 1985) and extrapolation from experimental studies (Eleftheriou e t al. 1982) . This paper reports investigations of the recovery of the benthic environment 11 yr after cessation of dumping of sewage sludge at an accumulating disposal site in the Firth of Clyde, Scotland.
The dumping of wastes in Scottish waters is controlled under the Food and Environment Protection Act, Part 11, 1987 (FEPA), formerly the Dumping at Sea Act, 1974 (DASA) . A review of the practical approach taken to the assessment of applications to dispose of wastes In Scottish waters is given by Topping (1987) . The legislation lays certain constraints on disposal operations, one of which is to specify the precise locations at which dumping is to take place. However, prior to the implementation of DASA this specification was not statutory and the location of the disposal operation was not well defined. Prior to 1974, the disposal operation in the Firth of Clyde was located in a n area ca 4 km north of the present operation (Fig. 1) . The site was situated in 70 to 80 m of water which has slow water currents (< 10 cm S-'; Dooley 1979) . This area received sewage sludge virtually continuously from 1904 to 1974, but not subsequently, as described by Harper & Greer (1988) .
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Various studies (MacKay & Topping 1970 , MacKay et al. 1972 , Topping & McIntyre 1972 , Halcrow et al. 1973 undertaken before 1974 on the effects of the dumping operation at the northern site (Site A) showed the classical effects of organic enrichment on the benthic fauna, i.e. a decrease in species diversity and an increase in individual population abundance and biomass. Halcrow et al. (1973) also estimated that 20 km2 of the sea bed sediment was contaminated with trace metals.
In 1985, the recovery of this area of sea bed was investigated by re-surveying the stations sampled by Topping & McIntyre (1972) for benthic community analysis and sediment trace metal concentrations. This survey was carried out using the same benthic sampling techniques, and in addition, a further 5 stations were sampled in 1985 for trace metal concentrations in the sediment. The results of the macrobenthic community studies are given in this paper, whilst the trace metal concentrations and geochemistry are presented in Rodger e t al. (1991; companion paper) (Craib 1965) samples were taken in March 1985 from FRV 'Scotia'. At the additional stations (6 to 10) only core samples were obtained. As in 1971, the grab samples were washed through 500 pm mesh sieves and the residue preserved in 10 O/O formalin. In the laboratory, the macrofauna was extracted by hand, identified to species where possible, enumerated and weighed (blotted wet weight). From these basic data (number of species present, abundance and biomass), the Shannon-Wiener index of diversity using natural logs (Shannon & Weaver 1963) and the Heip index of evenness (Heip 1974) were calculated. Log-normal distributions were calculated using the technique devised by Gray & Mirza (1979) with the probit modification proposed by Gray & Pearson (1982) . The general applicability of this descriptive model has been the subject of some debate, since many community estimates appear not to exhibit log-normal distributions. However, the data available in this study are too limited to allow the useful application of more complex analytical techniques, and the approach adopted is considered adequate for the relatively straightforward descriptive comparison made below.
One Craib core from each station (1 to 10) was analysed for redox potential using the technique outlined in Pearson & Stanley (1979) . The upper 8 cm of the second core was sectioned at 1 cm intervals, and stored frozen (-20°C) prior to trace metal analysis in the laboratory . Organic carbon levels in sediments from Stns 1 to 5 were estimated by a combination of the wet ashing technique, as outlined in Strickland & Parsons (1972) , with the titrimetric analysis of Menzel (1966) .
RESULTS

survey
Analysis of the macrobenthos from the 5 stations sampled yielded a total of 123 species/taxa (Table 1) and 4870 individuals. The number of species present ranged from 44 at Stn 3 to 64 at Stn 2, with mean densities ranging from 910 ind, m-2 at Stn 3 to 18 145 m-2 at Stn 5. The mean biomass varled between 27.94 g m-2 at Stn 4 and 108.09 g m-' at Stn 5.
The fauna at all stations was dominated by polychaetes, which accounted for a mean of 54 % of the total abundance, and 45 O/ O of the biomass. The other elements of the fauna showed very variable contributions to the total abundances (Table 2 ). Up to 47 O/ O of the total abundance at Stns 1 to 4 consisted of the top 5 species (Table 3) . At Stn 5, the top 5 species grouping accounted for 81 % of the abundance, which is reflected in the depressed Shannon-Wiener diversity and Heip evenness indices in comparison with the other 4 stations ( Table 4) .
The log-normal distributions of the species ( Fig. 1 ) showed good agreement between the 2 samples at each station. In 1985 samples from Stns 1 to 4 had only a few geometric classes represented and exhibited a steep slope to the line, but the absence of representatives of class V11 (32 to 63 ind. m-2) and class V111 (64 to 127 ind. m-') geometric groups at Stn 5 caused the data to exh~bit a broken line ('dog-leg'; i.e. change of slope).
The redox profiles for Stn 1 to 10 in 1985 ( Fig. 2 ) showed a gradation from less reducing conditions at Stns 1, 3, 4, 6, 7 and 10, to more reducing conditions, particularly at depth, at Stns 2, 5, 8 and 9. The redox potential at Stns 1, 3 and 4 did not fall below 0 mV within the top 10 cm of the cores. Where present, the redoxcline (Bagander & Niemisto 1978) was shallowest (1 to 2.5 cm) at Stns 2 and 5, and deepest (> 4 cm) at Stn 6. Stn 2 showed low redox values between 4 to 6 cm depth and Stn 8 exhibited the most reducing conditions, with a value of -230 mV at a depth of 10 cm.
The organic carbon concentrations ( Fig. 3 ) in surface sediment (0 to 2 cm) for Stns 1 to 5 were between 2 and 3 %. At Stn 5, concentrations decreased with depth to 1.5 % at 8 cm, whilst at Stn 2 levels showed a marked increase with depth from 3 % at the surface to 5 O/O at 4 to 6 cm, with a slight decrease with depth thereafter to 4.5 %. Stns 1, 3 and 4 showed no significant change from surface to a depth of 8 cm.
In order to make comparisons between stations sampled in 1971 and 1985, it was necessary to re-analyse the original disaggregated data, which was presented in summarised form by Topping & McIntyre (1972) . It should be noted that the fauna1 analysis of the 1971 samples was not as rigorous as that undertaken in 1985, and certain groups were not separated, e.g. Capitellidae and Cirratulidae were identified only to family level.
In 1971, a total of 48 species/taxa were found at the 5 stations sampled, with a maximum contribution of 35 species at Stn 4, and a minimum of 13 at Stn 3. Total abundances (Table 5) Howson (1987) . Sufflxes as per Pearson et a1 (1986) represented only by an occasional juvenile ophluroid. In 1985, the fauna was much more diverse, and less dominated by opportunist species. The log-normal distributions (Fig. 1) suggest that, with the exception of Stn 4 , the 1971 stations exhibited ? either a dog-leg condition or a shallow gradient. They also had a larger number of geometric classes present 
DISCUSSION a I ) . "
In attempting to make comparisons between a limited number of stations sampled on only 2 occasions 14 yr apart, the authors recognise that vigorous statisti-1 4 7 10 13 CLASS cal analysis is not possible, and that reliance has been (1986) studied the composition of macrobenthic communities in the Clyde Sea area and concluded that the area was generally enriched due to high nutrient inputs, particularly to the Arran/Ayrshire basin. Localised waste disposal contributed to the high carbon input, and species indicative of organically enriched sediments would therefore be present naturally (see Table 1 ).
In 1971 (Table 4) showed a marked improvement between 1971 and 1985, but the community continued to show the lowest diversity and evenness, despite the presence of a high total number of species. Twenty-one species occurred exclusively at this station in 1985 and the fauna contained representatives of all the characteristic groupings suggested by Pearson et al. (1986) as being present in a gradation over the sludge dumping grounds (see Table 1 ). Although insufficient stations were sampled in 1985 to be able to establish detailed gradients of effect in the manner suggested by Pearson & Rosenberg (1978) , Stn 5 may represent a transition zone between the now slightly enriched area at the pre-1974 disposal area, and the heavily enriched present disposal site.
The dog-leg condition in log-normal plots has been associated (Gray & Mirza 1979) with communities in transition through stress. Lines with a shallow slope, covering a large number of geometric groups, are considered to represent stressed communities which are in equilibrium, and steeply sloping lines, with few geometric classes, represent unstressed equilibrium communities. The log-normal distributions of the 1971 data suggest that the communities at Stns 2 and 3 were severely stressed but in equilibnum and that Stns 1 and 4 were in a transitional state. The 1985 plots, however, suggest that the communities at Stns 1 to 4 have returned to equilibrium unstressed conditions, but that Stn 5 continues to exhibit transitional characteristics. The increase in diversity in the fauna since dumping of sewage sludge ceased has been accompanied by decreases in the organic carbon content in surface (0 to l cm) sediments, consistent with a reduction of the input of sludge, increased importance of natural sedimentation and possibly continuing mineralisation of sewage solids. The presence of elevated organic carbon and trace metal concentrations at depth in Stn 2 suggests the persistence of historical contamination by sewage sludge in these subsurface sediments.
There has been an obvious improvement in the status of the communities at the 4 stations strongly impacted in 1971 as assessed by the various community indices, consistent with the changes in sediment organic carbon and redox potentials. The individual sample abundance and biomass has returned to levels typical of the slightly enriched environment of the Clyde. Only Stn 5 showed any effects of sludge input, and this may be attributable to the marginal effects of the current disposal operation.
In part the improvement in the macrobenthic communities parameters may be an artefact of improvements in the faunal analysis but the similarity between the 1985 and 1971 data for Stn 4 shows that this factor is of minor importance and alone cannot account for the gross changes observed in the community statistics. Warwick (1988) has shown that similar trends can be recognised in faunal data analysed at various tax-onomic levels, suggesting that the apparent recovery of the fauna at the old Garroch Head disposal site may be considered as a reliable reflect~on of the resilience of the marine environment.
